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BROADBAND OPTICAL EQUALIZER 



An optical pulse traveling along 2 communication link comprised of single mode 
fibers and various devices such as amplifies, mux/demux, add/drop etc,, is affected 
by static and dynamic dispersion resulting in pulse spreading, which may impair 
detection and increase the BER. Tn general, the dispersion Induced spreading i$ 
wavelength dependent, or otherwise stated, the pulse spread is, among others, 
proportional to the signal bandwidth determined by the pulse-width* Polarization 
mode dispersion [FMD1 constitutes one of the major sources of dynamic pulse 
spreading. Time dependent, residual chromatic dispersion. LRCD] and non-Iinoar 
effects such as cross phase modulation constitute additional sources of dynamic pulse 
distortion. 



1 



Residual t thrftrpfl^r : dispersion 

3h general, the index of refraction of various material*, glass included, exhibits a 
characteristic, material related wavelength dependency resulting in a Different phase 
velocity for each wavelength traveling through the glass fiber. The CD induced pulse 
distortion is due to various wavelengths compiling the bandwidth of a traveling puJse 
moving with different velocity. The $0 defined CD exhibits a mainly static behavior, 
which, is traditionally compensated by dispersion compensating fibers, soine of which 
ace tailored to compensate the full dispersion slope across a communication band. 
'Residual dispersion, is accumulated across a span due to slope mismatch, changes in 
span length, md temporal temperature variation. The wavelength dependence of the 
index of refraction in glass fibers is typically expressed by the SeUmeler equation 1 



with n standing for index of refraction, ca for frequency and Bj, iqj are empirical 
parameters obtained by fitting measured dispersion curves with equation [1] for M=3. 
Equation [1] reveals a dependency of the dynamic residual chromatic dispersion effect 
as defined above on the signal bandwidth. 

The pulse width decreases with increasing bit-rate from about 200 ps at 2.5 Gbps to 
about 7 ps at 40 Gbps, corresponding to approximately 1 GHz and 26 GHz 



1 Agfttwn, GP M FSto-pptie Commutrieadnn Systems* 2* ed, 1 997> p 41 
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bandwiddu respectively. The increased signal bandwidth augments the dynamic 
effects in high-bzt-iatp systems making full dynamic compensation of the residual 
chromatic dispersion, mandatory for 40 Gbps links. Uris tempoml behavior is 
essentially characterised by a slow dynamio with, typical minimal Hm A constants in 
rhe range of hours and puis* distortion amoimtbg to about 0-5 pste»«Tjm at the c- 
hand edge in a Q.652 single mode fiber compensated using a WBDK-C compensating 
module from Lucent Technologies and about 0.1 ps/km*nm in a NZD fiber such as 
fcc TRUBWAVB-RS fiber conuiewsatcd by an EHSDK-C module both from Lucent 
Technologies. 



Polarization mode dispersion 

The main phenomenon related to dynamic distortion of optical pulses hi an optical 
communicarion link is the so-called polarization mode dispersion fPMD] generally 
resulting from .the feet that a single mode fiber actually supports two propagation 
modes, which, may be degenerate or distinct . 

An electromagnetic wave J? tan be described by two orthogonal components Ex and 
Ej defining two polarisations of the electromagnetic field. 

£ m (z.t) =»iE 0 * k cxp/(«ac--& lJl z+4> ai ) [2] 
where m^x 9 v, and is the propagation constant. 

The two waves may travel with Identical propagation constant k~kp=k or, as the case 
may be in anisotropic materials exhibiting birefidngence, each component propagates 
wiih a different propagation constant In the later case, a relative phase difference 
A*= ^y^ between The two connjonents accumulates along the travel path resulting 
in both a change of the state of polarization [SOP] along the path and m case or a 
Havcling pulse a spread of the pulse energy in time causing pulse distortion as 
schematically depicted in Figure la and lb respectively. 
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Figure 1: Change of SOP and pulse spreading in a blrc&ingent fiber section. 
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The SOP is typically represented in trams or Joasa vectors. La. 



PI 



with 

A glass fiber exhiWis an intrinsic longitudinal mnsotropy with, respect to th& index of 
refraction due to local core dliptioty induced by the maniifactarmg process. Figure 2 
ficom Dyott 2 show normalized birefringence A£ = ^-^against normalized 
ftequenoy for elllptiriiy b/a varying flom circle to slab. 




Hgnro2: Normalized birefringence of elliptical waveguide (fiW optic) 
The normalized birefringence Ay? is tho drSsrence in the two or&ogonal modal 
cEfcctive indices n; and TL is a function of the normalized frequency Viand also of 
tho corfc-daddisg index difference Aru All parameters constant Joca] variations of 
elliptic] ty b/a along Ac propagation path z translate into longitudinal variation of the 
bro&dagence, namely die local values of n s% The dlipticity may vary randomly 
both in $iz$ b/a and orientation 9 along z as shown schematically in Figure 3 t 
inducing local modulation of tho refractive index. 



1 "Dyott. ILB „ Elliptical Hbcr WavtgiadfiS, 1995, p 54 
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Figure 3: Variation of local ellipticity along fiber length 

External and environmental effects such as local stress due to micro- or macro- 
bending ox other forms of stress inflicted by the cabling process or field deployment 
contribute to the mdex z-anisouopy in a similar random fashion. The index anfeotropy 
results in local bircfriflgcocc variation and local coupling between the two orthogonal 
polarization modes / ami $ resulting in a spread of the time delays as depicted 
schematically in Figure 4 below for two bitefnogeait sections and one mode coupling 
(see Figure lb as reference for each bfre&ingcncc section). 

X X jOl ^ir >w ; A 

: z£f : > 



Birefiingent section T Blrefrtngert ssetfon U z 

Hgure 4: Tbne delay spread with mode coupling 

Cyclic diurnal temperature variation, mechanical vibrations or ether transitory 
environmental or external cfibos translate into transient local index anisotropy 
superimposed onto the sialic anisotropy described above* Consequently, die index of 
refraction* n* Of a, single mode fiber reflecting a multiplicity of bhxfnngcnt sections 
and couplings may be represented by 

with the frequency dependence given by equatScn [1], 

The random character of die FMD efieet was assessed experimentally in lab setups 
iisin* bare or cabled fibers a$ well as for fibers within terrestrial and aerial deployed 
communication cables. 
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The: differencial group delay (DGD). defined as the relative time delay At (see Figure 
1 above) between the two orthogonal polarization components daring propagatioft of 
the pulse, is typically used as the defining parameter for the estimation of PMD as 
fellows 3 . 



^ /_ 



The PMD is related 10 the DGD by 

of -({^r)=I^/r[|-l +cxp [-.|J] :Si 

where ft is the decorrelation length, namely the length at which the signal ^forgets" its 
initial state of polarization (SOP), 

When h«l as in the case of a fiber exhibiting birefiingence end mode coupling 
equation 141 becomes 

{At) m Apjkl 3 PMDji 15} 

Tht measured DGD vetoes of typical fibers were found ro obey a Maxwell 
distribution, characteristic of random 3D walk processes, which, is defined by Che 
PMD value as shown above. Ia a recent work 4 it was mathematically shown that 
typical fiber models used for numerical simulations of teal optical fibers exhibiting 
PMD approach a MaxweJJian distribution in just a few kttarnotcrs, thus confirming 
previous cmphic^experirnentaj results 5 . 

Hie DGD was shown to be ergodic With respect id wavelengths, fiber spans and Ernie* 
namely; the DGt> distribution may be determined either across wavelengths, time or 
fiber spans gnd the resultant distribution represents the whole DGD population 
Generally, the DGD is wavelength dependent* however, due to die complexity of the 
phenomenon a first order approximation assuming wavelength independency over the 
bandwidth of a single communication channel is widely employed* This first order 
approximation breaks down for a bandwidth, Am, which is inversely proportional to 
the mean DGD, (at) and higher order PMD becomes significant. 



■\ 'AgnwaT. G.P„ Ffosr-Optic Cornirnmication Sys!em^ 2** ed, 1997. p 46 

1 Ytoi£ eL aL, Optics tetters 26(19% 2001 
5 Oisiaec aU Pure Appl Opt. 4, 511 (1995) 
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The dynamics of theEMD, assessed by a munber-of Said tests in which the DGD of 
fibers of various lengths deployed in various locations was measured over extended 
periods of time* was reported to range between milliseconds to nouns. 
The transfer properties, of a fiber of length I at any given dmainsranx*, expressed by a 
transfer function <3{a>)t, arc determined by the momentary index distribution function 
Fi. During a long enough tton: padbd fiie fiinctjon F t will go throu^i a multiplicity of 
randomly distributed states Fu each generating a corresponding transfer function 
G(o>)u . Light poises traveling through the fiber 1 during that thus period will be 
randomly distorted icflccdng the random changes of the transport properties of the 
medium. 

An Inverse Fourier transformation of the momentary Transfer function G(o)b is the 
momentary impulse response gfth of the transfer media, Le„ the optical fiber defined 
by its Fh State. A pulse P u injected at z=o will undergo a distortion resulting hi an 
ampul pulse P nuI at / the distortion being defined by tbe convolution of and £{7J/ 

13] 

For a pure first ordgr approximation the impulse response is straightforward, but as 
already mentio ned this assumption h vaJfd only for pulse band widths smaller than 
1/{At) and it breaks down fox single channels of 40 Gbps not to mention the 
bandwidth of a full {c-] band which spans about 5 THz. 



Dynamic compensatio& schemes 

Presently, dynamic compensation is approached on a channelized basis; namely, 
separate dynamic compensation modules are employed for individual 
of each channel, itaeover, each type of dispersion fe dealt with separately, each 
compensated by employing a compensation scheme based upon the same physical 
effect causing fbc dispersion. 

Proposed tunable compensators for the compensation of residua? chromatic dispersion 
due to both residual slope and tnne drift comprise filters based on mechanically or 
thermally tunable devices such as fiber Bragg gratings [FBG] with imprinted 
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predetermined dispersion functions, inflecting ths characteristic of the effect to be 
compensated, tunable 10 within a predetermined range. Sonic of the proposed devices 
comprise channelized solutions having a bandwidth of up to 4 simultaneously tunable 
channels per device. Dynamic compensation modules comprise in addition to a. 
tunable filter, also real time monitoring means for the generation of at» appropriate 
metrics employed to efficiently converge the tunable filter. Generally, the metrics 
discussed are targeted at direct or indirect monitoring of duttmaiic dispersion effects 
such as 2UF test- tana. 

The compensation of PMD is almost unanimously approached as a polarization issue*. 
The various compensation schemes 7 and theories 8 ate based on per channel 
compensation. Namely* after demuxing each channel is individually monitored and 
compensated using the monitored parameter to drive a tunable compensator, some of 
the techniques actually involve a constant delay compensation unit Generally, the 
feed-back metrics comprise polarization related effects such as the degree of 
polarization and the output SOP of the channel mid frequency as well as pulse related 
metrics snrib as the eye diagram quality or monitoring of a dedicated lest signal sent 
along the link 

Figure $ below schematically depicts the main single channel compensation schemes. 



6 Sunnerud, Reta), J, l^ghtw^ve Technology, March 2001 
7 No5ewUT,lj^twttvftTeelttioloey, 1?(?)PP 1602, 199? 
8 Surracrud, H* ec al. J, Lightwave Technology, 12( J) pp 50, 2000 
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Figure 5; Single Channel PMD ccwa^pe&fcitum schemes. 

Where 5[I] depicts a PSP (principle state of polarization) method according to which 
the signal is injected in one of the system* s PSP; 5PT] PC (polarization conzrollcr) and. 
fixed delay; S[m] PC and viable delay; 5[TV] 2PC and 2 fixed delay; 5[Y] 2 PC one 
fixed and quo variable delay and 5[VTI PC and PBS polarisation beam splitter). 
These schemes are variations of the ^firsl order PMD compensation" approach, which 
practieslly disregards higher order effects. These, however; were shown to have a 
major impact on the PMD compensation capability. Some of the proposed schemes 
may compensate for finst and second order PMD 9 . 

Bona™ discusses an, adaptive optical equalisation approach to joined compensation of 
single channel dispersions using a single optical device along with electricaJ eye 
opening analysis to control the filter coefflcacmg as opposed to approaches using 
different inverse filter for the compensation of the various dispersions. 



9 Mfccozzr otuL 

10 Bohn etaL ECOC '01, 210-1 
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"Wideband coxnpsiE&aJitfta approach 



The wideband compensation scheme comprises a wideband filter, wideband 
monitoring scherafc, and wideband algorithm as depicted in Figure fcbelow. 



231 - fiber 



adaptjve^ptiea] 



fiber 



Controller 



feedback 
fpn c tloH monitor 



Figure 6: Schematic block diagram of a wideband dynamic compensation system 
Adaptive optical equalizer 

It has been shown 11 lihat under proper conditions a fiber trmy be simulated, with an 
assessable and caped dc^cc of accuracy, by a discrete model. Similarly, a discrete 
equalizer of proper design may equalize, wifix an assessable and caped accuracy, a 
distorted signal whose distortion lias been induced by its transmission ebnmgh an 
optical link. 

Th& adaptive optical equalizer ] AOE1 consists of a concatenation of a predetermined 
number of tunable optical filler basic units [TOFU], wfaick comprises a tunable 
coupler and a tunable differential delay tap each of winch, may be implemented using 
. a variety of technologies, as depicted schematically in Figure * . 




ISBN 




AOS 



Hguro* : Schematic block diagram of an adaptive equalizer comprising a multiplicity 
of tunable optical filter 



" U Y. eLaL, J- Ughcwuva Technology. 13(9) pp 1205, 2000 
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The tunable coupler is operative in efficcfeig a tamablo, directional and selective 
coupling of the optical field into any number of desirables optical paths comprising the 
variable delay caps, Such selectivity may be basest cm wavelength, polarization state or 
any combination thereof. 

The variable differ ential delay tap comprises one or mote optical paths affecting 
variable time delays on each field component sdmultaneonsly. The overall effect of a 
TOFU is thai of a controlled time-energy redistrihtitioiL 

A preferable technology consists of an all-fiber filter comprised of continuously 
tonable delay taps connected through, tunable couplers* The delay taps and couplers 
consist of sections of optical fiber pf predetermined transfer properties and 
dimensions,. Both the dimensions and (he transfer properties may be dynatnically 
tuned within a predefined range to generate the momentary transfer function of the 
adaptive optical equalizer. Preferably she adaptive optical filter exhibits an operational 
bandwidth equal to or greater than 30nm (approximately 5 THz) corresponding to a 
r^ornmunioarion band such as the c-band extending between 1535 to 1565 nrn. 
Technologies such as tunable fiber Bragg gratings [FBG], tunable wavesmide~airays 
and liquid crystal systems may as well be employed to implement the TOFU. 
Any given adaptive optical equalizer operating in eoitf unction With a controller to 
dynamically equalize a distorted pulse comprises a suitable number of TOFDs rn 
accordance with a preferable equalizer architecture. 

Monitor and monitoring scheme 

A preferable feedback function monitor comprises a continuous optical domain 
sampling of the pulse population traveling down the link, such that at any given time 
mc transfer function of the link across the monitored band can be estimated. The 
estimation rate is such as to assure a qua$i-static mode with respect to the PMD 
dynamics. Hie estimated transfer function is employed to derive control parameters 
for driving the adaptive optical equalizer. 

The pulse shape is estimated from repetitive sampling at a ^datively low rate with 
sub-picosccond resolution. The sampling module's drroughpnt permits 
chamcierfeation of multiple charmftlfi within a quasi-static regime with respect to the 
FMD dynamics. 

The fiber's transfer function is ccnrirmously estimated from the analysis of the pulse 
shape of individual pulses across the monitored band. 
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Another preferable feedback mncrioa moohnr comprises an autocoixclator T as known 
in the ait* operative m carrliniiously monitoring die aucocon-elmion nmction of me 
input and output field across the equalizer. 

Control algnrijhm 

The proposed contra! algnriffim Is a wideband, adaptive algorithm using an 
appropriate cost function to tunc fijo adaptive filter in order to perform phase 
equalization. 

Distributed link equalizer 

Another aspect of the present Invention is the use of the transmission link in 
conjunction witii a centralized monitoring and control unit as a distributed adaptive 
equalizer operative to dynamically compensate the distortion of the transmitted 
pukes. 

The transmission link is comprised of delay type components and couple^ 
concatenated such that a link is operative in distorting a transmitted poise in an 
uncontrolled manner. Deploying controllable dements along the link at appropriate 
locations thus imposing a controllable operation on die link converts it into an 
adaptive equalizer. 

Tbc monitoring and control unit is a central raft deployed in front of the last demux of 
the link and operating similarly to the monitoring and control unit described above 
with respect to the central equalizer and employing a similar algorithm. 
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Assume a lattice filter comprised of two stages as depicted in fig. below: 



-gmh; 




comm. link — y. M 



Pig, fl: 2 stage Janice filter typo equalizer - schematic and matrix description. 

The equalizer input vector, U = [U* which is the fiber oui^ 

taring two orthogonal polarizations x and ymay be defined by fl] below In terms of 

subsequent delays (t), (t-t) and (tr2*); 



*4kJ» ijujB ^SnJmg rfc-J^ ^JH2« ^#-2^r 



fU 



The e^uslizo: should transform the by the coimnuni cation link Starred field vector V 
such that tfa& equalizer output field = fv£ V* f is generally equivalent to input 
field Vfc. 

The equalizes: output vector of flic two stage equalizer oFFIg. 1 may be described 
by equation £21 

with V as defined in [1] and C defined by equation [3] 

c T 0 0 -*A*A ~C<M4 c&C^ -JAM] 

L*A*ft *M 0 0 J ' P1 

where sip^ cq»i= sinq*, cost?} respectively. 
Sec Appendix 1 for the derivation of matrix C 

An appropriate metrics for any of the present channels within the link wQI be a 
Xlmotion between the channd detector output, v^ai and the associate decision output, 

4! 
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Wewnt to optimise the decision making and by simple mathematical manipulation ft 
can be shown that the updating fllgftrirtm^ is given by 

^+l)=<* l (/r)-A^.u r [C 7 CH-C r 6]a \S\ 

where ^ is a small predefined constant thai controls the convergence rate and 



Hie Updating algorithm [5] is itraarivdy perfoimed over few channels to find the 
global solution. 

Extension to higher order filters i$ $traight&Qnvaitl 

Other metrics, such as correlation between die input and the output oF the equaliser, 
may bo employed resulting in slightly different updating algoriihms: 

fck +1) » htk) - L • Q(fc) [$} 

vhere Q = Q(C Q is a scaling tcansformation between the measured metrics and ihe 
updating coefficient 
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Derivation example for a 2-stage equalizer: 
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Main claims 

A method for instantaneous generation of optical filter configuration* for the dynamic 
equalization of distorted optical commmLcaiion signals mmsmitted in an optical 
connnunjeaflaa Ifofo in response to a. tirne-varymg error-signal said method 
comprising; 

1. Incorporating adaptive optical filter mute at appropriate locations within the 
link 

2. generating an crror-sigQfll representative of (he instantaneous signal distortion 

3. changing the adaptive parameters of ihc filter uaits 2a response to the error- 
sigoal generating an instantaneous fi Iter configttraiion 
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